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Abstract

The left wing of the Active Aeroelastic Wing (AAW)
F/A-18 airplane has been ground-load-tested to
quantify its torsional stiffness. The test has been
performed a the NASA Dryden Flight Research
Center in November 1996, and again in April 2001
after a wing skin modification was performed. The
primary objectives of these tests were to characterize
the wing behavior before the first flight, and provide a
before-and-after measurement of the torsional
stiffness. Two streamwise load couples have been
applied. The wing skin modification is shown to have
more torsional flexibility than the origina
configuration has. Additionally, structural hysteresisis
shown to be reduced by the skin modification. Data
comparisons show good repeatability between the
tests.

Nomenclature
AAW Active Aeroelastic Wing
FEM finite-element model
XY, Z Cartesian coordinates
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| ntroduction

For more than a decade, wing torsional flexibility has
been proposed to aeroelastically enhance the rall
maneuverability —of  high-performance  aircraft.!
Although aileron reversal-related aeroelastic control
behavior has always been avoided, even if it meant
additional structural weight; when the behavior is
incorporated as a preprogrammed control mode, some
significant benefits might be reaped. When the mode is
designed into a new airframe, reduced weight, increased
maneuverability, and other advantages can be
exploited.?

A NASA F/A-18 airplane (fig. 1) has been structurally
modified to support this type of research.3 The cover
panels on the aft wing box were replaced with more
flexible panels to replicate the stiffness of the original
preproduction F/A-18 aircraft. Figure 2 shows
configurations for the aft wing box cover panels before
and &fter the Active Aeroelastic Wing (AAW)
modification. The first preproduction version of the F/A-
18 aircraft was found to have the potential for aleron
reversal within its performance envelope, which makes
the configuration ideal for demonstrating AAW
technology. Production F/A-18 aircraft were built with
stiffer wings to preclude this tendency and increase roll
performance through the use of conventional wing
control surfaces and asymmetric stabilator.

Early in the AAW project, structural testing was
anticipated to have an important role in accomplishing
project objectives* In November 1996, prior to the
AAW modification, the wing was tested to quantify its
baseline torsional stiffness. These tests were used to
modify the baseline F/A-18 finite-element model (FEM)
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Figure 1. The AAW F/A-18 airplane.

to creste the AAW model, which is used for
aeroelasticity predictions and control law devel opment.
The data from the 1996 tests were intended to provide
upper and lower bounds for the results that would be
obtained from the AAW configuration.

In April 2001, after the AAW modification work was
performed, a repeat series of diffness tests was
conducted. Deflections from these tests were compared
in real time and after the test to the AAW analytical
model predictions to evaluate the accuracy of the model
stiffness and to determine whether modifications to the
model were necessary.

The objectives of the wing torsional stiffness tests
were to:

* establish a baseline torsional stiffness signature for
the wing before AAW modification.

« establish the maximum possible torsional flexibility
increment that theoretically could be produced by
modifying the aft wing box cover panels.

» characterize the torsional stiffness of the modified
wing.

* make a direct comparison of the wing stiffness
before and after structural modification and provide
an assessment of the modification effectiveness.

« validate the repeatability of the testing method.

» make comparisons with FEM predictions.

Baseline configuration

Inboard wing: 3 panels
Outboard wing: 1 panel

Inboard wing: 3 panels
Qutboard wing: 2 panels

. . Tighter
AAW configuration fasteners

on all new

Inboard wing: 5 panels
Outboard wing: 3 panels

1 Z

Inboard wing: 3 panels

Outboard wing: 3 panels
020001

Figure 2. Aft wing box cover panel modifications.

2
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Test Setup

All testing was performed at the NASA Dryden Flight
Research Center (Edwards, California) Flight Loads
Laboratory,® and data were acquired and displayed by
the laboratory data acquisition and control system. The
tasks for test setup included the installation of aircraft
constraints, instrumentation, and loading hardware.

The airplane was restrained at the main landing gear,
the arresting hook, and the nose gear. In the 1996 test,
the main gear was depressurized, supported with short
jacks, and chained to the floor. In the 2001 test, the main
gear was entirely removed and replaced with a restraint
fixture (fig. 3). This change was not because of any
inadequacy of the original support, but was to provide
for a strain gage loads calibration test that was
performed immediately after the 2001 stiffness test.
That subsequent testing is what necessitated including
the provision for locking the wing control surfaces. In
both the 1996 and 2001 tests, the arresting hook was
replaced with a support fixture (fig. 4) that prevented
pitching. The nose gear was held down with loose
chains for additional safety. The forward fuselage was
alowed to “float” on the pressurized nose gear. Test
hardware was designed for a factor of safety of 3.0 or
more.

EC01 0112-038

Figure 3. Main gear restraints.

Deflection potentiometers were installed to quantify
elastic vertical deflections of the left wing and monitor
any rigid-body motion of the overal arframe (figs. 5
and 6). A tota of 48 left wing displacements was
measured by a combination of digital dial gauges and

3
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Figure 4. Tailhook restraint.

string potentiometers arrayed along the front spar, an
intermediate spar, the rear spar, and the aft spar. These
transducers were installed in the same locations in both
the 1996 and 2001 tests.

Figure 5. Load columns and instrumentation setup.

During the 2001 test, these transducer locations were
more precisely determined using a theodolite spacial
coordinate measurement system. String potentiometers
were also installed along the fuselage centerline (four),
the main gear restraint fixture (two), the horizontal tail
tips (two), and the right wing (four) to monitor any
rigid-body motion. Any indication of rigid-body motion
during loading would have revealed a problem with
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transducer location

Figure 6. Vertical deflection instrumentation.

aircraft constraints. Aside from enhancing safety,
ensuring that no rigid-body motion occurred also helped
guarantee data quality, because any airframe shifting
would corrupt the measurement of elastic wing
displacements.

Loading fixtures were attached to the left wing at two
span stations (fig. 5). Four hydraulic cylinders coupled
to load cells that have a 5000-Ib operating range were
vertically aligned with the loading fixtures. During
testing, the streamwise load column pairs were actuated
to equal magnitudes in opposite directions. Inboard and
outboard torque moments were always applied in phase.
Complete load cyclesincluded full positive and negative
torque moment sweeps. Each test began with a stepped
run for preconditioning, then a smooth sweep was
performed for data. Figure 7 shows a typical data run
load time history. The loading rate was 30 percent of the
test limit load each minute.
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Figure 7. Typical load profile.

Table 1 shows the five F/A-18 configurations tested.
The 1996 testing of the wings before AAW modification
involved two configurations: with all the cover panels
installed, and with the upper aft box cover panels off. In
both of these conditions, the wing control surfaces were
not locked but were held in their neutral positions only
by drive system friction. The 2001 testing of the
AAW-modified wings involved three configurations:
with new upper and lower aft box cover panelsinstalled
and wing control surfaces locked in position; with new
aft box cover panels installed and wing control surfaces
not locked in position; and with upper aft box cover
panels off, new lower aft box cover panels on, and wing
control surfaces not locked in position.

Data were simultaneously displayed in multiple
locations for safety-of-test and real-time data quality
verification. Data were recorded at two samples/sec.
Measured wing deflections were compared in real time
with FEM-predicted deflections for added safety. The
data system was calibrated and zeroed each day.
Figure 8 shows a composite photograph of the left
wingtip under the maximum up, neutral, and maximum
down loading conditions.

Table 1. Ground test configurations.

Configuration
number Test year Configuration description
1 1996  Baselinewith all panelson, no control surfaces locked
2 1996  Baseline with upper aft box cover panels off, no control surfaces locked
3 2001  Modified wingswith all panels on, wing control surfaces locked
4 2001 Modified wings with all panels on, wing control surfaces not locked
5 2001 Modified wings with upper aft box panels off, wing control surfaces not locked

4
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Figure 8. Composite photograph of wing deformed at maximum up, neutral, and maximum down torque.

Analytical Model

The AAW FEM (fig. 9) used in this study is a
contractor-built stiffness model designed to approximate
the expected deflections under load for the modified
wing. This linear model represents the left side of the
F/A-18 airplane, including the fuselage, wing, and
empennage. The AAW FEM consists of 854 nodes,
2418 elements, and 191 rigid elements. The 2418
elements include point, quadrilateral, and bar elements.
The point elements are used to apply concentrated
masses to the vehicle. The quadrilateral elements are
used to represent both the wing skin and the shear webs
for the ribs and the spars. The bar elements are used as
spar and rib caps and to approximate spanwise stiffness
of the control surfaces. The rigid elements are used to
connect the nodes of the control surfaces in the
chordwise direction, to connect the control surfaces to
the aircraft wing, and to represent the wing fold.

020004

Figure 9. Finite-element model.

To represent the ground test as accurately as possible,
both the aircraft restraints and the wing loads were
evaluated before including their equivalent constraints
and loads. Constraints were placed on the corresponding
model nodes. For the main landing gear node, only the
pitch degree of freedom was left unconstrained. At the
tailhook attachment point, the node was constrained in
all degrees of freedom except for the pitch and
lateral-displacement degrees of freedom.

American Institute of Aeronautics and Astronautics



The load couples, which were applied to the model,
also had to be functionally equivalent to those placed on
the vehicle. Because the nodes used in the loads model
were not exactly in the same place as the fixture
attachment points on the vehicle, the load values used in
the model had to be modified so that the resulting root
bending and torque were the same as those applied to
the vehicle during the ground test. The AAW
FEM -predicted deflections then were compared to those
deflections obtained during the ground test.

DataAnalysis Method

To calculate the elastic twist increment (as measured
at the wingtip) for each applied torque moment, the
following steps were performed for each test
configuration:

1. Data were processed to produce deflection curves
along the front spar, an intermediate spar, the rear
spar, and the aft spar (fig. 10).

2. A sixth-order polynomial curve fit was selected to
produce representative line equations for each of
these gpars. Curve fitting was used to
accommodate displacement measurements taken
in nonstreamwise locations.

3. From these equations, deflections were calculated
at 12 span sations for each of the 4 spar lines
producing plots such as those shown in figure 11.
Chordwise bending is apparent in these curves. For
example, during trailing-edge-down torque, the tip
shows chordwise bending that is concave inboard
transitions to convex towards the tip.

4. Linear least-squares curve fits were done for each
of these chordlines.

5. The arcsine of the lope of each of these lines then
was plotted, yielding spanwise twist distributions
(fig. 12).

6. This process then was repeated at every point
throughout the load range using automated
routines to produce wingtip twist as a function of
load (fig. 13).

7.Wing torsional dtiffness values for each wing
configuration were calculated using the least
squares method.

ntermediate
spar

Deflection, in.
[N
o

_1.4]— o Direct measurement
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18l fit at selected butt lines /_Aft spar
ool 1 1 111 ] Pl ]
40 80 120 160 200 240 280
Buttline (spanwise), in.
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Figure 10. Measured deflections along constant percent
chord lines for 1996 baseline (Configuration 1) at
maximum applied load.
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Figure 11. Caculated deflections along selected
buttlines for 1996 baseline (Configuration 1) at
maximum applied load.
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Figure 12. Caculated wing twist as a function of
buttline for 1996 basdline (Configuration 1) at
maximum applied load.
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Figure 13. Comparison of pre- and post-AAW mod
twist response.

Error Analysis

An important consideration with test data analysis is
evaluating the uncertainty associated with the
measurement error. The overal twist angle error is
addressed here using test configuration 4 (table 1) as a
representative case. This absolute wing twist error
increases when assessing the two load cases with the aft
wing box cover panels removed, because the wing
flexibility is greater with the panels removed.

The measurement error comes from two main
sources. The dominant factor comes from a 0.25-in.
radial error when quantifying locations of the digital
dial gauges and deflection potentiometers on the lower
surface of the left wing. This radia error includes
consideration of uncertainty in placement repeatability
from the 1996 tests to the 2001 tests. The locations for
dial gauges and deflection potentiometers were placed

on the airplane to replicate the locations used in the test
performed in 1996. The locations were placed by hand
using the same fastener pattern drawings of the left wing
from 1996. Figure 6 shows these locations.

As previously mentioned, a theodolite measuring
system was used to determine the coordinates of the
instrumentation in the aircraft coordinate system. These
coordinates then were used in the data analysis. The
associated measurement error in the fuselage direction
produces an overall twist angle error of +0.05° from the
leading to trailing edge at the wingtip. This twist angle
error associated with location uncertainty in the
spanwise direction is negligible.

The second source of the measurement error is caused
by the mechanical nature of the digital dial gauges and
deflection potentiometers. One type of digital dial gauge
and three different sizes of deflection potentiometers
were used. Table 2 shows the manufacturer’s error
specifications.

These transducer errors produce a wing twist angle
error of +0.02°. Errors caused by data acquisition,
measurement system calibration, applied loads, and
nonlinear curve fitting are negligible. Therefore, the
overall estimated error in the total wing twist calculation
for the 2001 AAW wing torsional stiffnesstest (with the
aft wing box cover panels on and the control surfaces
unlocked) datain thisreport is £0.07° .

Results

Figure 13 shows wingtip twist data from the 1996 and
2001 tests plotted as a function of percent load.
Structural hysteresis is noted in the height of the data
loop at zero load. Comparison of the heights of the
hysteresis loops in these two plots indicates a reduction
of structural hysteresis in the modified wing compared

Table 2. Instrumentation accuracy for the twist test.

Range, Number used

I nstrumentation in. Accuracy on left wing
Digital dial gauges 1 0.00012 in.* 19
Deflection potentiometers 1 1.0 percent”” 11
3 1.0 percent” 15
6 0.5 percent™” 3

i(()onsi stent error
Independent linearity error
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to the wing before AAW maodification. This reduction is
attributed to the significant effort invested in improving
the fastener fit for the upper and lower aft wing box
cover panels and some main wing box fasteners as well.
Anecdotal data indicate that before the AAW
modifications, these wings had |oose fastener fit (many
were worn beyond production tolerance); but the
reworked wings have very tight fasteners. The AAW
fastener rework should improve the quality of al flight
data that are subject to wing hysteresis.

This structural hysteresis must be considered when
making comparisons between load cases with dissimilar
load profiles. The residual “set” of the wing after a
positive applied torque biases response to subsequent
load in the opposite manner of that produced by a
negative applied torque. In this case, hysteresis offsets
were manually eliminated by shifting each data set so
that the initial twist at zero load is zero, alowing a
direct comparison to be made. Comparison of the 1996
data for the configurations with aft wing box cover
panels on and off indicates a flexibility increase of 24.23
percent (table3), which is considered the maximum
flexibility increment possible through modification to
the panels. The dlight “S’ shape seen in these twist
curves is attributed to “load stiffening,” which occurs
when more of the local structure begins to share load as
fastener tolerances are overcome.

Table 3. Torsional stiffness comparison.

Wingtip  Flexibility

Test flexibility,  increase,
configuration  deg/in-klbf  percent

1 0.007525

2 0.009348 24.23
3 0.007768 3.22
4 0.007772 3.28
5 0.009194 2217
I'A:\ém/ 0.011033 46.62

Comparison of the 1996 and 2001 tests for the
configurations with the panels on shows a flexibility
increment of 3.28 percent. Comparison of the 1996 and
the 2001 tests for the configurations with the panels off
(fig. 14) shows approximately 2-percent difference,
which validates the comparability of the testing
methodol ogies employed. Table 3 shows a summary of
these observations. The wing torsional flexibility values
shown were calculated from the dope of the least

8

squares fit of wingtip twist versus total applied wing
root torque. Comparison of the results from the 2001
test conditions of panels on and control surfaces locked
(configuration 3) and panels on and control surfaces
unlocked (configuration 4) reveals that no effect on
wing torsional stiffness existed because of this change
in control surface rigging. No significant rigid-body
deflections were observed in any of the 1996 or 2001
tests, indicating good performance of the restraint
fixtures.
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Torque, percent of test limit load
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Figure 14. Summary of wing tip twist as a function of
the percent test limit load.

An in-house analysis was performed in which the
deflections from the finite-element analysis (previously
described) were compared with the results from the
ground tests. The maximum wingtip twist from the
analytical model was £4.47° (fig. 14), which resulted in
awingtip flexibility increase of 47 percent over the 1996
wing twist test. The origina intention was to modify the
AAW stiffness FEM using the results from the 1996
tests with panels on (configuration 1) and panels off
(configuration 2) to bracket the expected flexibility of
the AAW configuration. These results indicate that the
stiffness of the AAW FEM was excessively reduced
during model tuning, resulting in the AAW analytical
model overpredicting the flexibility of the AAW wing
by 42 percent. The FEM has been corrected using the
latest test results and now should prove useful for
aeroelastic predictions and control law development.
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Summary and Conclusions

1. The modified Active Aeroelastic Wing (AAW) is

dlightly more than 3 percent more flexible than the
baseline F/A-18 wing. Thisincrement in flexibility
is approximately 15 percent as great as that
produced by removing the upper aft wing box
cover panels from the standard wing.

2. The characteristic hysteresis of the modified wing

is dightly less than that of the wing before AAW
rework. This reduction is attributed to the
significant effort invested in improving the fastener
fit and should improve the quality of all flight data
that are subject to wing hysteresis. The effect of
the structura hysteresis of the wing is significant,
and the resultant wing “set” must be properly
accounted for when making stiffness comparisons,
especially when variation exists in preconditioning
half cycles from one load run to the next.

3. The 1996 data recorded with upper aft wing box

cover panels off (configuration 2) closely match
the results of the corresponding 2001 test run with
upper aft wing box cover panels off
(configuration 5), thereby validating the 2001 test
configuration and data analysis methods.

. Both the basdline F/A-18 and modified wings
exhibit some nonlinear response attributed to “load
stiffening.”

5. The 2001 data reflect no torsional stiffening effect

existed because of locking the inboard and
outboard leading-edge flap torque shafts or
substituting rigid dummy actuators for the inboard
trailing-edge flap or aileron.

6. The modified wing demonstrated more torsional

stiffness than was predicted by the finite-element
model. The wingtip flexibility was overpredicted
by the anayticad model by 42 percent. The
finite-element model has been modified based on
the results from the 2001 stiffness test, and the
error has been eliminated. Therefore, the AAW
finite-element model can be used for aeroelasticity
predictions and control law development.
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